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FOREWORD 


The Organic and Associated Terrain Research Unit (OATRU) of McMaster University, Hamilton, Ontario 
is an interdisciplinary organization set up to study problems connected with muskeg (organic terrain) and the 
environments in which muskeg occurs. To date its work on off-road vehicle mobility and terrain trafficability 
conducted with Defence Research Board (1, 2, 3) and the US Army Corps of Engineers (4) has qualitatively and 
quasi-quantitatively covered a broad spectrum of vehicle behavior and terrain conditions on muskeg and associated 
terrain. The mobility and trafficability problems studied have been mainly to determine “‘go-no-go’’ conditions, with 
some additional interest in fuel consumption rates, drawbar pull-slip, and pressure cell measurements. However, 
knowledge is still deficient in the area of quantitative relations between terrain-vehicle characteristics and 
trafficability-mobility in muskeg and associated terrain. The purpose of this report is therefore to examine that 
deficiency. 


The term trafficability may be thought of as being the ability of the soil or its vegetal cover to withstand 
repeated vehicle passes, whereas mobility can be defined as the ease with which a vehicle surmounts the obstacles 
offered by terrain. For the purpose of the report, one may consider that trafficability and mobility each depend on 
both the terrain characteristics and the vehicle characteristics simultaneously, and therefore must always be 
considered together. 


In order to compare effectively the mobility of two vehicles operating on one type of terrain, or the traffica- 
bility of two types of terrain with respect to one vehicle, it is necessary to be able to measure in quantitative 
terms, the vehicle characteristics contributing to mobility and the terrain characteristics that may affect trafficability. 


Terrain factors controlling mobility and trafficability in muskeg can and have been classified and described 
(5). The low bearing capacity of some types of muskeg is of course a factor of major importance. 


On this basis the following objective was aimed for, that is: ‘*To determine quantitatively the interrelation 
between terrain-vehicle characteristics and mobility and trafficability on soft muskeg (low bearing capacity)’’. 


More specifically this was broken down into the following components. These were: 


1. To record the vehicle design features of several tracked vehicles similar in configuration but differing in 
dimensions. The design features recorded were: 


(a) track length, 

(b) track width, 

(c) vehicle weight, center of gravity location, 
(d) number of road wheels. 

2. To measure the terrain characteristics in the muskeg in areas with E, F, and I cover in various combinations. 

The characteristics measured were: 
(a) cover type, 
(b) peat type, 
(c) peat depth, 
(d) peat density, 
(e) peat moisture content, 
(f) quantitative peat and mat classification and description. 

3. To measure vehicle performance while operating in the areas noted in (2) above, measured at various numbers 

of vehicle passes. The performance characteristics measured were: 
(a) drawbar pull, 
(b) slip, 
(c) speed, 
(d) trim angle, 
(e) amplitude of pressure variation along track length at very low speed, 
(f) torque output at sprocket. 
4. To record: 
(a) rolling resistance, 
(b) sink, rate of sink under a passing vehicle, and final sinkage, 
(c) the rate of sink under a standard load. 

5. To attempt to establish quantitative relations between the terrain-vehicle characteristics and terrain-vehicle 
performance listed above so that a basis (‘‘model’’) for prediction can be developed. The relations that 
were considered were that: 

(a) Sinkage (for a standard load) rate is proportional to water content. 


(b) Net sinkage for a standard static load is proportional to diameter and number of woody and non-woody 
fibers in the mat. 


ee 
=e 
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(c) Rolling resistance is proportional to sinkage, weight of vehicle, mean ground pressure of vehicle, 
number of road wheels, track width, pressure variation amplitude along track length. 


(d) There is a relation between drawbar pull, slip, and muskeg type.* 


This report is therefore an account of the extent to which these objectives have been met. It is also hoped 
that it will serve as a guide to the direction in which possible future mobility research in muskeg should be channeled. 


The Organic and Associated Terrain Research Unit at McMaster University is grateful for the assistance and 
co-operation of the Army Equipment Engineering Establishment (AEEE), Orleans, and for the financial support 
provided by the Defence Research Board. 


Cy or Ly ae 
As defined by the Radforth classification system (6). 
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LIST OF FIGURES 
Load cell and fifth wheel used for drawbar pull and vehicle speed measurement. 
Mounting hole for torque measurement strain gauges in RN110 axle. 


Slip rings for torque measurement. 


‘Hollow axle extension for mounting slip rings. 


Slip rings mounted on M113. 

DC generator for track speed measurement mounted on M113. 
Pitch angle transducer. 

Sinkage measurement target mounted on M113. 


Zero reference target for sinkage measurement. 


. Mounting bracket for fifth wheel on RN110. 


. Sinkage of M113 in Thousand Acre Bog EI. 


Sinkage of RN110 in Thousand Acre Bog EI. 

Torn wiring on RN110 after operating in Thousand Acre Bog EI. 
Field operation of oscillograph chart paper processor. 

Broken road wheel spindle from RN110: 

Hard ground rolling resistance measurement on RN110. 

Broken end of axle extension shaft. 

Replacement of axle shaft extension of RN110. 

RN110 operating in dry EI. 


RN110 operating in moist EI. 


. M113 operating in dry FI, Area 7. 


M113 immobilization in dry FI, Area 7. 

M113 rut depth in Area 10A, moist EI. 

Lower trace shows drawbar pull during tow cable break in RN110 test Woods Area, dry EI. 
Two wave-like traces represent torque oscillation in M113 drive axles. 


Central low frequency sinusoidal trace illustrates slow response and under-damping of pitch 
angle transducer. 


vi 


VEHICLE MOBILITY RESEARCH -— 1966 


PERFORMANCE OF TRIALS 


To facilitate work towards the objectives outlined in the foreword, a Plan of Test was prepared 
and is included in its original form in the report as Appendix I. The sections of the report dealing with 
Terrain Selection, Vehicle Description, and Measurement Techniques and Observations will reveal the 
extent to which it was possible to adhere to this plan in the performance of the trials. 


TERRAIN SELECTION 


In accordance with the objectives outlined in the Plan of Test (Appendix I), it was necessary to 
select and obtain the use of several muskeg areas with EI and FI cover (6) with a variety of water tables 
and moisture contents. It had been decided at an early date among the parties involved in the project that 
the work would be conducted near Parry Sound, Ontario. Previous vehicle projects had been conducted 
here and, in addition to the known suitability of muskeg areas, it has convenient facilities for vehicle 
maintenance, personnel accommodation, and supply. 


It was decided by the project manager that a minimum of six test areas would be required for this 
project, as it was necessary to find EI and FI cover in each of low, medium, and high moisture contents. 
From a general knowledge of the area and from 5000-ft. air photographs, several possibilities were 
selected for closer inspection. 


Early in May 1966, a short aerial reconnaissance was undertaken to obtain low-altitude oblique 
photographs of likely test sites and to gain an appreciation of the approximate water contents of these 
areas. The choice was then reduced to about eight areas, which were inspected and photographed on foot. - 


The result of this survey was the decision to work in six test areas, which are named and briefly 
described in Table I below, and are described in more detail in Appendix II — Terrain Description. The 
names used to designate the test areas are in some cases local names and, in others, are numbers that 
have been used in previous projects. ° 


TABLE | —- Designation of Test Areas 


Area Name Cover Moisture Content 
Thousand Acre Bog EI High 

10A EI Medium-Low 
Woods EI Low 

Thousand Acre Bog FI High 

66-1 FI Medium 

‘ FI Low 


The oblique aerial photographs contained in the appendix will give a general impression of the 
muskeg conditions involved, and the reader will possibly acquire a better acquaintance with the condi- 
tions by examining other photographs in the report. 


VEHICLE DESCRIPTION 


At this point a few remarks are in order concerning the vehicles used in this project. ‘At the 
outset, as described in the Plan of Test, it was intended to conduct trials with four tracked vehicles, 
the Nodwell RN110, the Nodwell RN35, the M113, and the Canadair CL70 Rat, all supplied by AEEE. 
Ultimately, availability of vehicles and instrumentation dictated the use of the RN110 and the M113 as 
the test vehicles. The RN35 had been instrumented but was called away by the manufacturer from the 
test area during the trials period, and the CL70 Rat was not tested for reasons explained in the Plan of 


Test. 


Both the RN110 and the M113 have been used and described in previous projects. A brief des- 
cription of these vehicles is as follows: 
(a) The M113 is a tracked armored amphibious personnel carrier, is diesel powered, and has auto- 
matic transmission, independent torsion arm suspension with dampers on the front and rear road 
wheels, and live tracks (controlled flexibility) with rubber pads for road travel. 


(b) The RN110 is a tracked, non-amphibious personnel and cargo carrier with a gasoline V-8 motor, 
4-speed manual transmission, independent spring suspension with no dampers, and continuous 
rubber belt tracks with stamped steel grousers. 


Vehicle design characteristics, which are considered to be pertinent to the conduct of the 
project, are given for each vehicle in Appendix III, where a photograph of each vehicle also appears. 


As this project is concerned mainly with problems of sinkage, rolling resistance, and tractive 
effort, the vehicle parameters requiring consideration include vehicle weight, track dimensions primarily, 
and, secondarily, nominal ground pressure, number of road wheels, and sprocket diameter. 


These are now considered separately. 


(a) It has been noted in previous trials (3), as a result of pressure cell measurements, that the 
pressure distribution under a vehicle track is not uniform, but is concentrated in varying degrees 
under the road wheels. Thus, when a vehicle’s ground pressure is calculated by dividing its 
weight by the track contact area, the resultant does not describe the.actual pressure distribution. : 


However, this value (Nominal ground pressure = Vehicle weight ) i. useful as a general guide and 
is referred to in Appendix II. track area 


(b) It is thought that the number of road wheels may have some effect on the rolling resistance of the 
vehicle, and therefore the number of road wheels per track have been included in the vehicle 
parameters recorded. : 


(c) Knowledge of the sprocket diameters is necessary in order to calculate the force exerted on the 
track by the sprocket. 


Other vehicle parameters, such as fuel capacity, have no bearing on the vehicle performance, as 
measured in these trials, and are not included in the vehicle description. 


MEASUREMENT TECHNIQUES AND OBSERVATIONS — TERRAIN 
Method” * 


As outlined in the Plan of Test (Appendix I), a number of measurements of terrain characteristics 
in each of the test areas were undertaken. It was intended that these measurements would provide infor- 
mation that would describe the terrain used in the tests and could possibly be related to vehicle per- 
formance to give quantitative insight into the relations between vehicle and terrain characteristics affecting 
vehicle mobility. All the measurements outlined below are presented in Appendix II — Terrain Description. 


Muskeg Cover Type was observed during the test site selection phase according to the Radforth classifica- 
tion system (6). As has already been stated, EI and FI cover types were selected, as they predominate in 
those areas where low bearing capacity is the main obstacle to vehicle mobility. 


Peat Type, Mat Depth, and Composition. This was investigated by obtaining peat samples with a Hvorslev 
piston sampler having a cylinder approximately 6 in. long and 2 in. in diameter. One sample consisted of 
three 6-in. cores taken at 0 to 6 in., 6 to 12 in. and 12 to 18 in., respectively. Each core was individually 
wrapped in a plastic bag, tied at the top and labeled as to depth and top and bottom. Eight samples were 
taken in each area at random to give a fair approximation of the area. Two of the eight samples were 
analyzed in the following manner. 


The samples were cut open and the individual cores dissected to sort out all fibers. As the 
sampler could reach a maximum depth of 18 in., mat depth could be determined accurately only if it was 
less than 18 inches. In most cases it was necessary to estimate the boundary between fibrous material 
and non-fibrous peat, usually of the amorphous granular type. 


Fibers size ranges were studied by using the micrometer to place the fibers in one of the fol- 
lowing size ranges: 


1/16 to 1/8 in. 
1/8 to 3/16 in. 
3/16.to 1/4 in, 

> 1/4) in. 


While it may be considered that fiber length is an important factor controlling peat strength, fiber lengths 
were not measured because the fibers are chopped up during the sampling process and their original 
length cannot be determined. 


Peat Depth 


The depths of peat deposits in the test areas were determined to assure adequate peat depths to 
allow vehicles to sink during traffic without touching the mineral sub-layer. This was done by probing 
with rods every 10 ft. along a straight line running across andperpendicular to the test lanes. Depths to 
the mineral sub-layer were recorded and have been plotted as depth profiles for each area in Appendix II — 
Terrain Description. 


Peat Density 


The hypothesis exists that peat density is related to rolling resistance and bearing capacity. | 
Peat densities were therefore measured at several of the test sites. Two techniques were used to 
accomplish this (7). The first consisted of placing vertically a 2-in. diameter access tube into the ground, 
A nuclear gamma radiation source and detector were inserted in one tube to known depths, and the source 
was allowed to radiate into the peat surrounding the access tube. The amount of radiation reflected back 
to the detector is proportional to the peat density and was measured in counts per minute by a scaler 


attached to the detector. Measurements were taken approximately every 20 in. down the access tube and 
recorded. This is referred to as the single pipe method, and the results have been plotted in grams per 
cubic centimeter in the ‘‘Density’’ sections of the Terrain Description pages in Appendix II. 


The second method uses the same nuclear device, but the source is lowered down one access 
tube and the detector is lowered to the same depth in a second access tube placed 50 centimeters away. 
The double pipe system has not been calibrated, so the density scale on the graphs in Appendix II refers 


only to the single pipe curves. 


Peat Moisture Content 


Variation in water content among the test areas was evident by visual observation, the indicator 
being the amounts of free water present on the ground surface or appearing in ruts during vehicle traffic. 
An attempt will be made in the discussion that follows to relate these moisture conditions to vehicle 


performance. 


Rolling Resistance 


The resistance to moving vehicle by soft muskeg is the most significant factor affecting vehicle 
mobility. By means of data acquired from these vehicle tests, calculations were carried out to determine 
the resistance to rolling offered to each vehicle by the terrain in each test site, as a function of the 
number of passes completed by the test vehicle. These data have been plotted in the rolling resistance 
section of each Terrain Description sheet in Appendix II. Details of the calculations are included in the 
observations and discussion of this section. However, in general, it can be said that the output force 
from the vehicle sprocket is absorbed in four ways: the internal rolling resistance of the running gear, 
the resistance to rolling provided by the terrain, the loss through track slip, and drawbar pull. If it is 
known that the vehicle is operating with no slip, then the resistance to rolling provided by the terrain 
will be given by the sprocket output minus the drawbar pull minus the internal rolling resistance. 


Symbolically, if 


Fopp, = Sprocket output force 
Riyy = internal rolling resistance 
Rexy = external rolling resistance 
Rpgpp = drawbar pull 
es * 
then Fspr, =Rinr + (Rrerram + Roup* + Rpgp 


Fepp, is determined by dividing the total sprocket output torque by the sprocket radius, and is 


the force available at the sprocket for doing work. 


Rint = Fspr, when Rexz = Rpgp = 0 
and is determined by measuring Feopp, on hard ground (R TERRAIN = 9) (no bow wave) with 


zero slip and zero drawbar pull. 
Rp gp is measured directly. 


Therefore, if Rg jp = 0 (i.e. no slip during vehicle operation) 


Rext = Fspr. — (Ring + Rppp) 


This figure was used in the calculations to determine the terrain rolling resistance curves shown 
in Appendix II. 


Rex = resistance to rolling provided by terrain (bow wave ) + soil vehicle interaction (slip). . 


Other Data 


In addition to the data required by the project objectives and Plan of Test, some surface rough- 
ness and cone penetrometer measurements were taken. It was felt that these measurements would aid in 
the description of the terrain in familiar terms, and might also provide a link between this project and 
earlier projects. 


Cone Penetrometer 


This is an instrument with which many people are familiar and needs little description. Briefly, 
it consists of a %-in. diameter shaft with a conical tip at one end (5/8-in. diameter base) and a load ring 
and dial gauge at the other. Forcing the conical tip into the ground produces a deflection of the load ring 
and a reading on the dial gauge proportional to the opposition force encountered by the conical tip as it 
moves deeper into the ground (8). 


Cone penetrometer readings were obtained at ten randomly selected undisturbed locations in each 
test area. These readings were averaged to give the cone penetrometer values presented in Appendix II. 


Roughness 


Surface roughness values were determined from measurements taken at random in each of the 
test areas. The distance of the ground surface from a horizontal reference datum was obtained at 4-in. | 
intervals along the datum. 


If R = arithmetic mean roughness 
n = the number of measurements taken along a single datum line 


Yi = an individual height measurement 


Y = the mean of the n height measurements 
then 
n ; is 
R=l12 Y - Yi. 
n i=l 


In other words, R is the mean absolute value of the deviations of the height measurements from their 
mean value. 


This information is derived from work presented in reference (9). The roughness values included 
in Appendix II were derived by this method. 
Observations 


In general, the terrain measurements form the contents of Appendix II — Terrain Description. 
This is certainly true where cover type, moisture content, roughness, and cone index values are concerned. 


The results of the peat sample analysis, however, require some additional tabulation. 


Peat Type, Mat Depth, and Composition 


Initially it was hoped to place the fibers in a 0 to 1/16 in. range, but this proved very impractical 
because of the large number of fibers in this range, and because of the very small size of these fibers 


making it almost impossible to sort all of them. - 


The results of the fiber counts appear in Table II. 


Peat Density 


It was possible to obtain peat density measurements in the following areas: Thousand Acre Bog 
EI, Area 10A, Woods, Thousand Acre Bog FI, andArea 7. No single pipe density data are available for 
the Woods Area, and no density data are available for Area 66-1. 


Rolling Resistance 


Where data for resistance of the terrain to vehicle rolling have been collected, they have been 
displayed in graphs in Appendix II. For reasons to be given in the observations on vehicle performance, 
vehicle tests were not conducted in Thousand Acre Bog FI and Area 66-1. Only the RN110 was tested in 
the Thousand Acre Bog EI, and this was only a brief and not very successful test. No data were obtained 
with zero slip here, so that resistance to vehicle rolling calculations could not be performed. 


TABLE II 


Mat Depth 
Area Depth Number of Fibers in Each Size Range in Inches 


O.in.-1/16 in. || 1/16 in.-1/8 in. |] 1/8 in.-3/16 in. | 3/16 in.-1/4 in|] > 1/4 in, 
Sample 
2 1 1 0 


Too many 9 10 
fibers to 
count 


Thousand 
Acre 

Bog 

EI 


10A 


EI 9.0 


Woods 


EI 12 


Thousand 
Acre 

Bog 

FI 


> 18 


66-1 
FI 


MEASUREMENT TECHNIQUES AND OBSERVATIONS - VEHICLES 


Objectives 


It will be recalled from the Plan of Test that the objectives for this section of the work were: 


(a) To obtain at each test site for each vehicle simultaneous measurements of drawbar pull, output 
torque at sprocket, vehicle speed, peripheral speed of drive sprockets, pressure cell output 
(if possible), pitch angle and sinkage. OATRU measured sinkage. 


(b) To obtain measurements on the Ist, 5th, 9th, 19th and 39th passes if possible and convenient. 


(c) For vehicles not instrumented to give output torque measurements, to obtain all other measurements 
where possible. 


Method 


Tests were conducted in the Thousand Acre Bog EI, Area 7, Area 10A, and Woods area as des- 
cribed in Appendix II, and on hard ground (cinders), with the Nodwell RN110 and the M113. 


In each test site, OATRU staff marked out a test lane 100 ft. by approximately 15 ft. with four 
stakes for each vehicle test. Three additional stakes on one side of the lane indicated the 25 ft., 50 ft., 
and 75 ft. points in the lane. 


AEEE positioned the test vehicle at the entrance to the lane and facing it. The Water Buffalo 
acting as a load vehicle was attached to the test vehicle by a 100 ft. cable to avoid having the load 
vehicle travel in the test lane and distorting data taken after the first pass. 


All measurements on vehicle performance except sinkage were obtained by AEEE. 


The test vehicle was operated in the test lane in low gear. An attempt was made to obtain 
measurements with a variety or range of readings of output torque, with corresponding drawbar loads to 
give low, medium, and high slip of the test vehicle. Sinkage measurements were taken at the points 25, 
50 and 75 ft. stations in the test lane. 


The test vehicle traveled back and forth in the test lane until it completed a total of four passes. 
The measurement procedure performed on the Ist pass was then repeated on the Sth pass. Measurements 
were again repeated on the 9th, 19th and 39th passes. The test was terminated if immobilization occurred 
or appeared imminent. 


Instrumentation 


In order to obtain the measurements noted above, a considerable amount of instrumentation was re-. 
quired and was supplied by AEEE. Most of the quantities (drawbar pull, sprocket output torque, vehicle 
speed, peripheral speed of drive sprockets, and pitch angle) were fed simultaneously to a7-channel oscillo- 
graph with a chart speed of about 10 in./sec. The oscillograph and power supply were mounted in the 
M113. When a vehicle other than the M113 was under test, the M113 traveled beside the test vehicle, and 
was connected to it by a multiconductor cable suspended between the test vehicle and the M113, which 
was in a parallel test lane. 


For drawbar pull measurement, a strain gauge type load cell (Fig. 1) wasinserted in the tow 
cable joining the test vehicle and the load vehicle. 


Torque of both drive sprockets on the test vehicle was measured by boring a hole axially in the 
outboard ends of the half shafts (Fig. 2), and attaching strain gauges to the walls of the holes. Slip rings 


(Fig. 3) were mounted on shaft extensions (Fig. 4, Fig. 5) to connect the strain gauges to the recorder. 
This provided a continuous record of the torque on each drive sprocket of the test vehicle. | 


The test vehicle speed was measured by towing a ‘‘fifth wheel’’ (Fig. 1) behind the test vehicle. 
The fifth wheel powered a small D.C. generator whose calibrated output voltage was proportional to the 
vehicle speed and was continuously recorded by the oscillograph. 


The vehicle track speeds were measured by mounting D.C. generators on brackets near the drive 
sprockets (Fig. 6) and driving them with the half shaft extensions, mentioned earlier, through flexible 
couplings. Their calibrated output voltages were recorded on the oscillograph, andthese measurements 
were later combined with the vehicle speed measurements in the calculation of track slip. 


Pitch or trim angle of the test vehicle was determined by mounting a damped pendulum on the 
vehicle. The pendulum was attached to a rotary potentiometer (Fig. 7). Ideally, if the vehicle tilted, the 
pendulum would continue to hang vertically, resulting in movement of the contact wiper in the potentiometer. 
Thus, a voltage proportional to the tilt angle of the vehicle would be produced by the potentiometer and 
could be continuously recorded on the oscillograph. 


Sinkage of the test vehicle was not measured continuously, but discrete measurements were 
obtained at the 25-ft., 50-ft., and 75-ft. stations in the test lane on each pass. This was accomplished by 
attaching a scale marked in inches to the side of the test vehicle (Fig. 8), sighting on the scale through 
a surveyor’s level, and recording the scale reading as the scale passed the marker stake at each of the 
three stations in the test lane. The zero sinkage reference value was obtained by sighting on a portable 
scale (Fig. 9) at each of the three stations before the vehicle entered the test lane. 


An attempt was also made to obtain measurements of pressure distribution in the peat under the 
test vehicle tracks by inserting a pressure cell in the peat. Details of the measurement technique are 
given in reference (3). 


Observations 


Due to several difficulties that arose in the course of the field program, it was not possible to 
utilize all the test areas that had been selected. In addition to the measurements already described, notes 
were taken concerning the general performance of the vehicles and instrumentation and difficulties that 
arose during the tests. 


Tests were conducted in Thousand Acre Bog EI, Area 10A, Woods Area, and Area 7. A narrative 
of events is given below in chronological order. 


RN110 


3 July-5 July: 


Before any testing could be undertaken it was necessary to have available not only the test 
vehicles and instrument vehicle, but also complete instrumentation. Slip rings to be used in the torque 
measurements did not arrive in Parry Sound until approximately 3 July, and two or three days were needed 
to complete their installation on the M113, as the end seals required modification. Some difficulty was 
also encountered in preparing the oscillograph paper processor for use 


6 July — Thousand Acre Bog Wet El: 


The first test here was attempted 6 July in the afternoon. It was not a great success, mostly 
owing to the very high water content of the area. It was necessary to operate three vehicles, the RN110 
? 


the M113, and the Water Buffalo simultaneously, and if one became immobilized, the other two were 
compelled to stop. This happened two or three times, even before one pass had been completed. 


Vegetation was torn up by the tracks on the RN110, accumulated quickly around the fifth wheel, 
and prevented it from turning. Tests were halted at this point and were continued the next day. 


The fifth wheel was then attached to a bracket, which extended out to the side of the RN110 
(Fig. 10). This prevented accumulation of vegetation on the fifth wheel. 


However, the high water content resulted in extreme sinkage (Figs. 11, 12) greatly reducing 
drawbar pull available from the RN110, and submerging the slip rings and DC generators mounted on the 
drive sprockets. Wiring was torn apart (Fig. 13) by peat trapped between the vehicle tracks and hull, and 
water entered the slip rings and DC generators, destroying their output signals. 


As a result of these experiences, it was decided to discontinue tests in the Thousand Acre Bog, 
attempt tests in other drier areas, and if time remained in the test period, return to the Thousand Acre Bog 
afterwards to complete the tests. 


While driving the vehicles cross country from the Thousand Acre Bog to the road, a spindle on 
one of the RN110 road wheels broke as the vehicle was attempting a turn while crossing a sharp rock ridge. 
The break (Fig. 15) appeared to be a fatigue failure. 


11 July-15 July: 


An interval of M113 tests followed at this point but, for the sake of continuity, observations on 
the remaining RN110 tests are noted here. 


17 July — Hard Ground: 


Measurements had been taken on hard ground at the AEEE camp with the RN110 on 17 July 
(Fig. 16). The FWD truck loaded with sandbags was used as the drawbar load vehicle. The RN110 did 
not carry a load for this test, and this was taken into account in the calculations used to obtain the curves 
in Appendix III. 


17 July-20 July — Woods Area Dry EI: 


On 17 July, the M113 and RN110 were driven along the shoulder of Highway 69 from the AEEE 
camp near Nobel towards the Woods Area (see map, Appendix II). About three miles of this journey 
remained when one of the shaft extensions on the RN110 broke (Fig. 17), tearing the leads from the slip 
rings. 


The next day a new shaft extension was prepared and installed (Fig. 18), and the journey to the 
Woods Area was completed. 


The RN110 test in the Woods Area was, in the end, completely successful. On the 9th pass, a 
very high drawbar pull snapped the tow cable, and a heavier cable had to be substituted. Thirty-nine 
passes were completed without difficulty. Sinkages were much lower than had been experienced in the 
Thousand Acre Bog, and the RN110 had no difficulty in exerting very high drawbar pulls and completing 
its tests. Moisture regime was quite low in this area (Fig. 19). 


20 July — Area 10A Moist EI: 


The RN110 test in this area was also successful, and 39 passes were completed. Fig. 20 shows 
the relatively low water regime that existed in this area. 
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21 July — Area 7 Dry FI: 

Thirty-nine passes were completed here also with no difficulty. The date for ending the field 
program had been set at 22 July, so that no further tests were conducted after this date. As a result, 
Area 66-1 was not used for testing, andthere was no opportunity to return to the Thousand Acre Bog. 


M113 


11 July-12 July — Hard Ground: | 
All of 11 July and part of 12 July were required to set up and adjust instrumentation on the M113. 


The hard ground test of the M113 was successfully completed on 12 July, using the FWD as a 
load vehicle. 


13 July-14 July — Area 7 Dry FI: 

Several events of interest occurred during this test. On the Ist pass, the 3/4-in. tow cable 
broke and had to be repaired. It broke again twice during this test and repairing it delayed the test 
somewhat. 


Sinkage of the vehicle progressed rapidly with traffic. The vehicle belly was dragging on the 
ground on the Sth pass (Fig. 21), and immobilization occurred on the 8th pass (Fig. 22) about 10 ft. 
inside the entrance to the test lane. After being recovered, the M113 continued traffic in the remainder 
of the lane until it again became immobilized at the 50 ft. station during the 19th pass. 


14 July — Area 10A Moist EI: 


No mechanical or electrical difficulties arose during this test. Ruts developed in the mat as 
traffic progressed and, by the 9th pass, the mat was being cut at one point in the test lane (Fig. 23). 
Traffic continued until the vehicle became immobilized at that point on the 29th pass. Mat deterioration 
was most severe during passes for which the vehicle was exerting a high drawbar pull. 


15 July — Woods Area Dry EI: 


No trouble was encountered either in traveling along Highway 69 to the Woods Area or in complet- 
ing 39 passes in the test lane in that area. However, it appeared that immobilization would probably occur 
on the 40th pass. 


At this point in the program a decision concerning plans for the remainder of the test period 
was made. Five days had been required to complete tests on the M113 on hard ground, and in 3 muskeg 
areas. One week remained in the test period. To continue tests with the M113 would mean venturing into 
areas with fairly high water levels and risking water damage to slip rings and DC generators. These would 
have to be repaired before tests could be resumed and, by that time, there might have been two days at 
most remaining in the test period. Therefore it was decided that the RN110 would undergo the tests on hard 
ground and in the 3 drier muskeg areas, and that this would probably occupy most of the remaining week __ 
from 16 July to 22 July. This turned out to be the case as has already been described, so that an opportu- 
nity to conduct further tests in Area 66-1 and the Thousand Acre Bog did not arise. 


The only remaining observation is that several interesting features of vehicle drive train behavior 
BM hea : oe é : ‘ 
ee vident on the oscillograph records, As these records require interpretation, consideration of them 
has been included in the discussion section that follows. 


DISCUSSION OF TEST RESULTS 


Terrain Selection. In retrospect, the test areas selected were certainly the best available for the purpose 
They provided sufficient space for testing, the peat depths were all adequate to allow for vehicles 
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sinking without penetrating to the mineral sub-layer, and a satisfactory range of moisture contents was 
available. Ideally, however, it would have been better to have had a larger difference in moisture contents 
between Area 10A and the Woods area. 


Test Vehicles. The vehicles finally used in this project, the Nodwell RN110 and the M113, were very 
well suited to the project. Their test weights and hard internal rolling resistances were approximately 

the same, and their output torque ranges were similar. This implies that differences in performance on soft 
muskeg can probably be attributed mostly to track dimensions and design, as far as these two vehicles are 
concerned, 


TERRAIN MEASUREMENTS 


Muskeg Cover Type. It was generally evident that the vegetal cover within the test lanes was fairly 
homogeneous. However, there were local variations in cover, which were not very obvious from the ground 
and which corresponded to slightly varying structural properties in the peat below the surface. This 
accounts for the occasional immobilization of the M113 at specific locations within test lanes. If the 
surface cover and sub-surface properties were completely homogeneous, it could be expected that the 
degree of deterioration of the mat under traffic would be uniform along the entire length of the test lane. 
This, in fact, rarely happens, and the relative inhomogeneity of the surface cover in the 6 test areas is 
quite evident in the air photographs in Appendix I and supports the case. 


Peat Type, Mat Depth, and Composition. Generally speaking, EI cover type areas seemed to show a 
greater number of fibers especially in the higher size ranges (See Table II). FI cover type areas appeared 
to have a high fiber content in the lowest size range, but fewer fibers in the higher size ranges. This 
might be expected because of the woody nature of EI areas as compared to the non-woody vegetation in 

FI areas. Woody types (both stems and roots) will be in greater quantity in larger sizes and these will 
resist decay longer than the smaller non-woody fibers. However, the FI area in Thousand Acre Bog shows 
a high number of fibers of medium size especially in the 6-12 and 12-18-in. depths, where one might 

expect fewer fibers. This may indicate the presence of EI vegetation in this area at some time in the past. 
Both the EI and FI from the Thousand Acre Bog show much greater numbers of fibers in the lower depths 
(6-12 and 12-18 in.) than appears in any of the other bogs. 


Some areas show horizontal layering corresponding to early deposition and partial decay. These 
layers would be better shown up by a smaller interval than 6 in. being studied. Woods area, for instance, 
consistently shows very few fibers of any size in the 6-12-in. layer, but with more fibers in the 12-18-in. 
layer. Therefore fiber size and number would seem to be very indicative of previous surface vegetation. 


Several points concerning the sample analysis are perhaps worth mentioning: 


1, Fibers are not the same diameter throughout their length. The largest diameter of the piece was 
therefore used in obtaining the data in Table I and II. 


2. Some fibers were partially decayed and flattened, necessitating a certain amount of estimation of 
their diameter (especially non-woody types). 


3. Fibers may be only one or parts of one that have broken off in sampling or counting, giving an 
incorrect number. It has been assumed that this factor should be reasonably constant in all cases 
so that the numbers should be considered in relative proportions. 


4. The counting method of simply crumbling the peat in one’s hand was not efficient enough to 
guarantee collection of every possible piece — especially pieces of very soft constitution or very 
short length. 


_ 


Sampling always involves some compression of the mat andpeat, so that sample length and actual 
depth will not correspond exactly. For the same reason, there may be some slight overlap in 
sampling, especially in very wet areas where compression is higher. 
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6. Only two sets of samples were used for this preliminary test, which serves as an approximate des- 


cription of each area. 


This fact combined with the variations in the data make it questionable that a precise quantitative 
relation could be established between the fiber count and mat depth, on one hand, and the bearing capacity 


and resistance to rolling provided by the terrain, on the other. 


The above comments make it clear that this method of peat analysis is not very practical for help- 
ing to predict peat structural properties, as final results are not very meaningful andrequire a considerable 


amount of time to obtain. 


This lends weight to the suggestion that a more convenient and faster technique of measuring a 
physical property or properties of the peat, such as moisture content, may provide the most convenient 
means of relating peat types to their bearing capacity and rolling resistance. A descriptive system as has 
been attempted here might be useful if done on a statistical basis, but this would be such a huge task that 
it would be worth-while investigating alternative methods before attempting it. 


Peat Depth 


It is sufficient to say here that all areas in which tests were conducted contained peat at least 
2 ft. deep, as can be seen from the depth profiles in Appendix II. This would provide sufficient depth to 
allow for vehicle sinkage without touching the mineral sub-layer. 


Peat Density 


Reference is made here to the peat density curves that appear in Appendix II. It will be recalled 
that two methods of density measurement were used; single pipe and double pipe. The gm/cm? scale 
applies only to the single pipe curves. 


It appears from these curves that the peat density in the test areas range from about 0.75 gm/cm? 
to 1.25 gm/cm3. The higher densities in this range occur in those areas with relatively low moisture 
contents. Low moisture content would allow some decomposition of dead plant material, destroying some 
of its cellular structure and allowing closer packing of the remaining cell wall material. This reduced void 
ratio would correspond to a high density of the solid component of the peat water mixture. In the EI areas, 
density increases as moisture content decreases from one area to the next, but in each EI area density 
decreases with depth. If the relation between density and moisture content holds within one test area, then 
the density curves for the Thousand Acre Bog FI suggest very high moisture content 4 to 5 ft. below the 
surface, probably accompanied by fairly low peat content. 


These peat density measurements show some promise in that they describe the terrain in an easily 
comprehensible manner, and provide a quantitative result that may be related to bearing capacity and 
rolling resistance. This possibility will be explored later in the discussion. 


Rolling Resistance 


Rolling resistance curves are presented in Appendix II for each area in which tests were per- 


formed. Rolling resistance was calculated as described earlier (Measurement Techniques and Observations — 
Terrain). 


When the data were first examined, a plot was made of external rolling resistance/track width vs. 
number of passes. It was hoped that this would show an expression of external rolling resistance that 
would be independent of type of track. However, it resulted in a distinct separate curve for each vehicle 

3 ’ 
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with the M113 having a higher rolling resistance per unit track width than the RN110. When the sinkages 
of the two vehicles in each test was reviewed, it appeared that M113 sinkages were all greater than those 
of the RN110. This factor was taken into account by plotting rolling resistance/track width x sinkage vs. | 
number of passes. The result was that the points all fell fairly close to a single curve as can be seen in 
Appendix II. 


With the data available, it has been possible to present external rolling resistance curves for 
Area 10A, Woods Area and Area 7. The shapes of the curves are rougly the same in all 3 cases and 
generally they indicate the following points: 


1. External rolling resistance per unit submerged frontal track area normal to the ground surface is 
dependent on the terrain. (Data from two vehicles follow one curve.) 


2. External rolling resistance is highest during the first few passes, reaches a minimum between 10 
and 20 passes, and gradually begins to increase again. 


3. External rolling resistance does not appear to vary directly with moisture content but, with the 
evidence of only 3 curves, it would be dangerous to state this conclusively, especially since the 
3 test areas considered represent a very narrow range of moisture contents. 


Some scattering of the points about the curves is evident and could be due in part to the fact that: 


1. The sinkages used in the calculations were the average of 3 visual sinkage measurements taken 
along the test lane on each pass of the vehicle. If it had been possible to obtain continuous 
sinkage measurements, it is likely that more precise sinkage values related to specific torque 
outputs could have been used in the calculations. 


2. When the method for calculating resistance to rolling provided by the terrain was explained earlier, 
it was pointed out that the resistance to rolling provided by the terrain was the difference between 
the sprocket output and the combined internal rolling resistance and drawbar pull when the slip 
was zero. The available oscillograph charts did not in a few cases provide data with zero slip. 
When this occurred, calculations were done with data procured with less than 10 per cent slip. 


Cone Index 


In general, the cone index values exhibit an increase with decreasing moisture content, (as 
evaluated by visual observation), especially in the 0-G-in. layer. The range of cone index covered by the 
EI areas is roughly the same as that covered by the FI areas. This suggests that given cover types can- 
not be uniquely related to specific cone index ranges. Limited experience of the trials suggests that 
moisture content is the dominant factor in controlling cone index values. 


Roughness 

The roughness values that appear in Appendix II are all less than 3 in. indicating an average 
vertical peak to valley distance of less than 6 in. in all areas utilized. This value would grow even 
smaller under the weight of a vehicle, so that it is likely that little or no contribution to rolling resistance 
exists from mounding of the ground surface profile. 


Vehicle Measurements 


The discussion of this section is divided into two main parts: Instrumentation, and Analysis 
of Test Results. 
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Instrumentation 


Drawbar Pull Measurement 


The load cell (provided by AEEE) used to obtain drawbar pull measurements performed very ; 
satisfactorily in that it was both rugged and sensitive. It gave readings from 0 to 24,000 Ibs... withstoo 
heavy shock loads from the tow cable, and total immersion in water. Its output, as secp in the lower trace 
of Fig. 24 (one horizontal division corresponds to about 0.1 sec.) responded easily to load changes occurr- 
ing in less than 0.01 sec. Fig. 24 shows the effect of the tow cable snapping under a load of 20,000 lbs. : 


Apparently the break occurred in two stages about 0.2 sec. apart. 


Torque Measurement 


Measuring output torque by inserting strain gauges in the drive axles is recommended. The per- 
formance of the set-up used in this project, however, depended on the immediate environment of the drive 
sprocket. If the slip rings were kept dry and free from accumulations of peat, no difficulty was encountered. 
If they were submerged in water, as was necessary in some cases, the torque signal was lost and the slip 
rings required complete dismantling. This occurred even though an attempt had been made to waterproof 
the slip rings with tape and silicone rubber. 


Fig. 25 shows oscillograph traces of the rapid oscillation of the M113 output torques (oscillating 
traces in bottom half of photo). The oscillation in these traces caused difficulty in taking precise torque 
measurements from the chart paper during the data analysis. The procedure resorted to was to draw an 
estimated mean line through the trace and use this mean line as the torque reading. 


Vehicle Speed Measurement 


The fifth wheel arrangement was generally satisfactory although the wheel itself sometimes rode 
over a clump of vegetation that the vehicle did not ‘‘notice’’. When this happened, the wheel momentarily 
speeded up so that it gave a reading higher than the true speed of the vehicle. 


Peripheral Sprocket Speed Measurement 


This apparatus also performed well in general, but would benefit from additional waterproofing for 
the same reasons already given for the torque measurement. 


Pitch Angle Measurement 


The results obtained from the pitch angle meter have been plotted against drawbar pull in Appendix 
Ill. The wide scattering of the points on these curves is partially due to the underdamped oscillation 
(Fig. 26) of the pendulum, which resulted in reading errors of as much.as + 3°. In these trials the vehicle 
pitch angle has not appeared to be of major significance. However, if pitch angle measurement is contem- 
plated for future projects, better damping and faster response (about ten times as fast) of 
would be highly desirable. ast) of the pendulum 


Sinkage 


The method of sinkage measurement used is definite] 
after the vehicle has passed by. By measuring the actual vert 
elastic rebound of the mat surface after the vehicle has Passe 


y superior to measuring vehicle rut depth 
ical position of the vehicle, the effect of 


d is avoided, However, since measurements 
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were recorded separately from the oscillograph records, it was impossible to relate any given sinkage 
measurement to a specific set of measurements on the oscillograph chart. This detracts from the precision 
of the results obtained in the data analysis. 


Analysis of Test Results 


The results of the data analyses have been presented in graph form in Appendix III. The meaning 
of each graph becomes evident upon studying the labels on the axes and the legends provided. 


Ratio of Drawbar Pull to Vehicle Weight vs. Slip (single pass) 


(Slip = peripheral sprocket speed-vehicle speed x 100) 
peripheral sprocket speed 


First of all, most of the curves in these graphs for both the RN110 and the M113 have several 
features in common. If any curve, say the solid line representing the hard ground test, is selected, it will 
be seen that it really consists of two curves, an upper and a lower. The upper curve of a pair represents 
drawbar pull weight ratio vs. slip for increasing drawbar load, and the lower curve represents the same 
relation for decreasing drawbar load. 


The hard ground curve for the RN110 was obtained with the vehicle carrying no payload, which 
probably enabled it to attain the maximum slip of 100 per cent as shown. In the muskeg test sites full 
payload was carried and, in the drier areas, insufficient torque was available from the engine to produce 
100 per cent slip. This indicates that the RN110 track design is such that in several common terrain con- 
ditions all available engine torque is utilized. For the RN110, the maximum drawbar pull was the same for 
all test areas except Thousand Acre Bog EI, where sinkage and water content were relatively high. In this 
area, a large proportion of the sprocket output was obviously devoted to slip and rolling resistance. In 
Area 7 FI, maximum drawbar pull was the same value as in the drier EI areas, but was attained at a lower 


slip. 


From the M113 curves in comparison to those of the RN110, it appears that, on muskeg, slip of 
the M113 tracks increases more rapidly with increasing drawbar load than does slip of the RN110 tracks. 
While the drawbar pull from the M113 does not reach a maximum limit with increasing slip as does the 
RN110, its maximum drawbar pull, except on dry EI is lower than that of the RN110. M113 drawbar pull on 
dry FI is much lower than RN110 drawbar pull in the same area. 


Drawbar pull vehicle weight ratio vs. slip has also been plotted for each vehicle with data taken 
after multipass traffic (5, 9, 19, 29 and 39 passes) in Appendix III. 


With reference to the RN110 curves, it appears that maximum drawbar pull can be achieved be- 
tween 10 and 20 passes on moist to dry EI and at about 20 passes on dry FI. ‘After 1 and 5 passes little 
difference in maximum pull exists between one area and another. However, as traffic continues, it appears 
that there is a slight difference in maximum drawbar pull between the two EI areas, greater pull being 
achieved in the drier Woods area. 


There is implied here a definite relation between moisture content and drawbar pull within a 
given muskeg cover type. Reliable measurements of percentage moisture content would facilitate explora- 
tion of this relation. 
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ly support this suggestion, Thirty-nine passes 
mum pull was achieved on the 19th pass. From 
imum at 19 passes. This information indicates 
of a vehicle in moist to dry EI. The maximum 


The M113 multipass drawbar pull curves general 
were completed in only one test area (Woods EI) and maxi 
Appendix II, rolling resistance in this area was near its min 


again that the mat strength is increased by 10 to 20 passes Mea 
pulls of the M113 were lower in all cases than those of the RN110 and, in general, were attained wit 


greater slip. This further indicates that the track design of the RN110 converts more of its output force 
to tractive effort and less to slip losses than does the M113. 


Efficiency of Tractive Effort 


Appendix III also contains what might be called tractive effort efficiency curves for which 


Prova (1 — slip) x 100 has been plotted against ratio of drawbar pull to vehicle weight for 
Sprocket Output 

first pass data from each test site. This can be considered as the ratio of useful work output (Drawbar 
pull) to work supplied by the automotive system to the track through the sprocket, and could be called 
tractive effort efficiency. This ratio or efficiency is plotted as a function of ratio of drawbar pull to 


vehicle test weight. 


It may be seen from the curves that for both the RN110 and the M113 peak efficiencies are reached 
corresponding to different drawbar pull ratios in the various terrains. The RN110 tracks exhibit uniformity 
in their ‘tractive effort efficiency’’, but near-peak efficiency occurs over a considerable range of drawbar 
pulls. The M113 track appears to be more efficient on hard ground, but its peak efficiency on muskeg 
appears to be sensitive to the gross terrain conditions upon which it was tested. Also it should be noted 
that peak efficiencies are obtained only over a limited range of drawbar pull ratios. 


Pitch Angle 


Some remarks have already been offered concerning the validity of the pitch angle measurements. : 
Therefore the curves showing pitch angle plotted against drawbar pull are rough approximations at best. 
However, two features are evident in these curves for both the RN110 and M113. First, the gentle slope 
of the curves suggests that pitch angle is almost independent of true drawbar pull in pounds. Secondly, it 
appears that a separate curve exists for each test area, which strongly suggests that pitch angle is very 
dependent on terrain conditions that probably are in turn dependent on muskeg type and moisture. 


Sinkage 


Appendix III contains curves showing vehicle sinkage plotted against number of passes. For the 
RN110, most of the sinkage occurs within the first 10 to 20 passes, after which the sinkage rate decreases 
to almost zero. For the M113, sinkage occurs in larger amounts on the first pass and at a greater rate there- 
after. The M113 curves do not all continue to 40 passes, as the vehicle sometimes became immobilized 
because of slip under heavy drawbar load before 40 passes had been completed. The curves for both 
vehicles indicate that sinkage increases with increased ground pressure and moisture content, and also 
depends on the muskeg cover formula reflecting the peat structure beneath. ’ 


Comparison of Results with Previous Trials 


Previous mobility trials have been conducted on muskeg in the Parry Sound region Sparel Pr 
years. The objectives of these trials have been the observation of a wide variety of vehicle types oper: - 
ating in muskeg having a complete range of vegetal cover and the study of mobility principles. An ee 


was made to use cone index, subsidence, and multipass traffic together with qualitative perfo 
observations to assess: performance 
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(a) the obstacles offered to vehicle mobility by various terrain conditions, 


(b) the effectiveness with which various vehicle concepts overcame the obstacles imposed by the 
terrain mentioned in (a) above. 


The net result of these tests was that a wide variety of terrain conditions and problems exists and that 
no one vehicle concept can deal effectively with all the conditions. On the other hand, some vehicle 
concepts are better than others at overcoming certain specific obstacles. 


Taking past experience into account, it was necessary to establish a program of quantitative 
measurement of terrain and vehicle performance relations narrower in scope but in greater depth of detail. 


This project, an examination of the mobility of tracked vehicles in soft muskeg, is a beginning. 
Whereas in the past a large number of vehicles has been subjected to a few measurements and to a great 
deal of qualitative observation, this project considered a single terrain condition, soft muskeg and, for 
ease of comparison, two vehicles of similar configuration were used (see Appendix III), and measurements 
were made of the factors thought to control performance of these vehicles. 


From the results obtained it appears that the objectives have been at least partially achieved. It 
is difficult to compare the results of this project directly with those of previous projects, which were 
qualitative as to the comparison of general performance, but in which the vehicles were not as fully instru- 
mented as the vehicles in these trials. 


It is true that formerly drawbar pull ratios vs. slip data had been obtained but only in one terrain 
condition and for one pass. This yielded some information, but it was difficult to relate. With the measure- 
ments taken this year, definitive relations have been established that were not known be fore. 


These are outlined in the following conclusions. 


CONCLUSIONS AND RECOMMENDATIONS 


In the light of the foregoing discussion, it is possible to re-examine the four hypotheses proposed 
in the foreword. 


(a) “‘Sinkage rate for a standard load is proportional to moisture content of the peat.”’ 


From the sinkage rate curves in Appendix III, it would appear that this is possibly the case. For 
a single vehicle operating in several areas, sinkage rates were all very similar. However, the 
moisture content range covered by the test areas used was quite narrow except for the Thousand Acre 
Bog. If all the test areas had been utilized, the validity of this hypothesis could have been better 
established. As it stands now, it is quite possibly true but requires more evidence to confirm it. 


(b) “‘Sinkage for a standard static load is proportional to diameter and number of woody and non-woody 
stems.’’ 


The results of the peat sample analysis suggest that the counts of fibrous content in a peat 
sample are insufficiently reliable and repeatable to validly examine this hypothesis. 


(c) “Rolling resistance is proportional to sinkage rate/unit load pressure, weight of vehicle, mean 
ground pressure of vehicle, number of road wheels, track width, and pressure variation amplitude 
along track length.” 


It has been shown fairly conclusively that resistance to rolling provided by the terrain is a 
function of cover type, moisture content, and submerged vehicle track frontal area normal to the ground 
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y track width and sinkage, and sinkage is 


surface. Submerged track frontal area is determined b 
and also by muskeg cover type and moisture 


controlled by the vehicle weight and ground pressure, 


content. 


o effect of the number of road wheels per track could 


With the precision of the data available, n ati ’ 
be determined. Also, no pressure cell measurements could be obtained, so that the contribution o 
it is suggested that water content, cover 


track pressure distribution could not be assessed, However, 1 : 
type, track width and sinkage are the major factors controlling total rolling resistance of the terrain 


to a given vehicle. 


(d) ‘There is a relation between drawbar pull, slip, and muskeg type, as described by a quantitative 


classification system.’” 


The evidence obtained in this project supports this hypothesis, but the hypothesis should be 
qualified by saying that “‘the relation exists for a given vehicle but the relation for one vehicle may 


be different than for another’’. 


As a result of this project it can also be suggested that a suitable muskeg classification system 
would combine the Radforth vegetation classification system with moisture content measurements in per 


cent water content per unit volume of peat — water mixture. 


The relation would have to be established empirically for each new vehicle track design investi- 
gated but, once established, there would then be a means of predicting the drawbar pull performance of 
that vehicle on any muskeg of EI or FI cover with known water content. 


Relation of Design Concept to Vehicle Mobility 


With reference to drawbar pull performance, if the track dimensions and designs of the two 
vehicles are examined, it will be seen that while the track lengths are not very much different, the track 
width of the RN110 is almost three times that of the M113. The RN110 track is relatively smooth, andthe 
grousers are flattened near the edges of the track. The M113 track has vertical knife-like cleats extending 
from either side of the central track pads. The higher sinkage rates of the M113 and visual observation of 
its performance suggest that the narrow tracks, giving a high pressure per unit area, and the aggressive 
grousers, producing a cutting action, combine to cut the muskeg mat, reducing its shear strength and en- 
couraging high slip with increased drawbar load. 


The results shown in the tractive effort efficiency curves in Appendix III and discussed earlier 
lend weight to this argument. The RN110 tracks worked more efficiently and more consistently on muskeg 
than did the M113 tracks. , 


From the point of view of sinkage, it has been shown that the M113 sinka 
, ge was generally preater 
than that of the RN1I 10. This contributed to dragging the vehicle belly part way through some of the eck 
resulting in immobilization. Larger track area on the M113 would reduce sinkage and allow more passes 
over the same path without immobilization. ; 


Summary of Important Conclusions 


1. There is a definite relation between moisture content and drawbar 


increasing moisture content, maximum drawbar pull decreases and 
curves in Appendix III. 


pull performance in which, with 
slip increases. See drawbar pull 


2. Tracks of the RN110 type produce more efficient tractive effort on moist EI and FI muskeg than d 
those of the M113, because of their greater contact area, which lowers sinkage aha rollin a es 
and because of their less aggressive grousers, which minimize shear failure and slip g resistance, 
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Recommendations 


© Any further testing should include measurement of percentage moisture content of muskeg, and 
the measurements should be compared with, and if possible related to, drawbar pull, sinkage, and rolling 
resistance. 


ce It is recommended that tests scheduled for this project, but not completed, be performed in order 
to verify and confirm evidence already gathered. 


3. The following recommendations are made with reference to improvements in instrumentation and 
techniques, which might be incorporated in future tests: 


(a) All tests should include a section with zero slip, in order to facilitate accurate rolling resistance 
calculations, 


(b) Torque and speed measuring equipment should be completely waterproofed to allow submerged 
operation if necessary. 


(c) Modification of the pitch angle meter to obtain faster response and better damping should be 
investigated. 


(d) Provision should be made for continuous sinkage measurement to be recorded simultaneously 
with other vehicle performance characteristics. 


BIBLIOGRAPHY 


(1) Radforth, N.W. Mobility Research on Small High-Mobility Vehicles. Organic and Associated Terrain 
Research Unit, McMaster University, 1-48, 1964. DRB Report 167: 1-22, (DWER), August 1965. 


(2) —____———-~Project Hi-Move. Organic and Associated Terrain Research Unit, McMaster 
University, 1-9, 1964. DRB Report 174: 1-24, (DWER), August 1965. 


(3) —_______—dOf f-Road Vehicle Mobility Research. Organic and Associated Terrain Research 
Unit, McMaster University, 1-63, 1965. (Limited Circulation) DDP Contract Serial 2VF5-2. 


(4) Rush, E.S., Schreiner, B.G. and N.W. Radforth. Trafficability Tests on Confined Organic Terrain 
(Muskeg). US Army Engineer Waterways Experiment Station, Corps of Engineers, Tech. Report 3-656, _ 
Summer 1962 Tests, 1-48, December 1965. 


(5) Siddall, J.N., Newcombe, W.R., Radforth, J.R. and K.K. Ghosh. A Rational Empirical Approach to 
Muskeg Vehicle Research. Proc. of Eleventh Muskeg Res. Conf., Sudbury, Ont., NRC Tech. Mem. 
87: 191-215, 1966. 


(6) MacFarlane, I.C. Guide to a Field Description of Muskeg (Based on the Radforth Classification 
System). NRC Tech. Mem. 44 (Revised 1958). 


(7) Radforth, N.W. and J.R. Radforth. The Significance of Density as a Physical Property in Peat 
Deposits. J. of Terramechanics, vol. 2, no. 3: 81-88, 1965. 


(8) US Army Engineer Waterways Experiment Station, Corps of Engineers. Soils Trafficability. 
US Amy Tech. Bull. TB ENG 37: 1-41, 10 July, 1959. 


(9) Newcombe, W.R. and J.R. Radforth. A Proposed Surface Roughness Meter for Muskeg. Proc. of 
Tenth Muskeg Res. Conf., Prince George, B.C., NRC Tech. Mem. 85: 144-157, 1965. 


ot 4 i paging? = ; ‘ 
wai tes eu ; 


en ale 9 ire ' we 


rs i = he , 
OME AA ro raw) god odd 
ies = -_ 


“3 


uP 


sven ( : awe wait Ay inedbak . Al, haa % wy fit haf 
J beh Tat: igo Senet, Yo. Neu Logi 


ROR x 
A. ae Xe 


3 
ct 


-” 7 cae —y 
‘s : - ¢ - = 7 
mn hee: 


j WENICLE RESEARCH 
7 ‘ ¥ 

: 
‘PLAN 


4 


| | 
RBOGRAM SCH 
ol A ti yr j 


s a M Mus Lt 


~ 


epee will be & edlng ¢ APPENDIX I 


if 
s 
SBexwduse of 


Age andie lt. 


“=, 
‘ tw ¢ 


im . 
if of wi Ora; Pt, 
* 


TTA 4 
vriue lave ions / " 


\| 


‘b> MIGMAATIA 


T23T 40 VAIS 


Appendix I-1 


VEHICLE RESEARCH — MUSKEG 1966 
PLAN OF TEST 


INTRODUCTION 


This is a plan of test prepared in accordance with the Defence Research Board Statement of Work 
for Vehicle Research — Muskeg 1966. Broadly speaking, the aim of the project is to determine the effect 
of particular vehicle and organic terrain characteristics on the mobility of vehicles. This is to be 
accomplished by noting specific vehicle and terrain characteristics and performance figures, and attempt- 
ing to derive quantitative inter-relations between these characteristics. Specifically, the program will 
involve examination of tracked vehicles operating on muskeg with FI and EI cover, and on a variety of 
water regimes. 


TEST PROGRAM SCHEDULE 


The field program will be conducted jointly by the Organic and Associated Terrain Research Unit 
(OATRU) of McMaster University and by the Army Equipment Engineering Establishment (AEEE). The 
following schedule will be followed as closely as possible. 


Because of delays arising from failure of some test vehicles to arrive at the test area, prepara- 
tion of test instruments requiring considerable time, and late arrival of some test vehicles, it has been 
necessary to revise the original plan of test and to include an extension of the test period. 


In the revised plan of test, the test vehicles are the RN110, RN35, and M113. The CL70 Rat, 
while available for use, is not instrumented to give torque output or drive train speed readings. Owing to 
shortage of time, it has not been included in the revised test schedule, but if time permits at the end of 
the schedule in the period allotted for completion of tests, drawbar pull and sinkage measurements will be 
made with the Rat. 


This revision is being prepared on 10 July, 1966, as required for the reasons noted above. It 
will be seen that the first date on the vehicle test schedule is Wednesday, 6 July, 1966. A previous 
revised vehicle schedule was prepared on 17 June, 1966, when it became apparent that late arrival of 
vehicles and equipment at the site would necessitate such a revision. This is, therefore, the second 
schedule revision. It will also be seen that the section from 6 July to 10 July describes only one vehicle 
(RN110) test in the Thousand Acre Bog before moving to the next test site. This portion of the schedule 
is complete at time of writing, and the other test vehicles were not tested in this area because of damage 
to instruments from the high water level in this area. The other test areas have a lower water level and 
instrument damage is not expected to be so great. 


2- Appendix I 


SCHEDULE FOR OATRU — DRB - AEEE FIELD OPERATIONS 1966 


Phase | Preparation and Test Area Selection 
8 May OATRU aerial reconnaissance of possible test areas 
24 May OATRU Staff 


Depart from McMaster University and travel to Parry Sound 


Set up camp 


25 May to 30 May OATRU selection of test sites 


preparation of access routes 


1 June to 5 July AEEE preparation of instruments 
vehicle maintenance and preparation 


assistance in terrain data acquisition 


OATRU density, cone penetrometer, roughness depth profile measurements, 
peat sampling 
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SCHEDULE FOR OATRU - DRB - AEEE FIELD OPERATIONS 1966 


Phase Il 
Date 
Wednesday, 6 July 
Thursday, 7 July 
Friday, 8 July 
Saturday,: 9 July 
Sunday, 10 July 
Monday, 11 July 
Tuesday, 12 July 
Wednesday, 13 July 
Thursday, 14 July 
Friday, 15 July 
Saturday, 16 July 
Monday, 18 July 
Tuesday, 19 July 
to 


Friday, 


22 July 


Vehicle Testing in the Field 


Job Location 
Test RN110 in EI Thousand Acre Bog 
Continue RN110 test in EI Thousand Acre Bog 


Move vehicles to area 7 


Perform maintenance on vehicles and instrumentation 
as necessary 


Continue vehicle and instrument maintenance 
Instrument maintenance 


Complete vehicle move to area 7 ie 


Test RN110 in FI 


Test M113 in FI 7 
Test RN35 (if available) in FI 


Move to area 10A 


Test RN110 in EI 10A 
Test M113 in EI 
Test RN35 (if available) in EI 


Move vehicles to Woods Woods 
Test RN110 in EI 
Test M113 in EI 


Test RN35 (if available) in EI 66-1 - 
Move to area 66-1, gravel pit 

Test RN110 on hard ground 

Test M113 on hard ground 


Test RN35 on hard ground 


Test RN110 on FI 
Test M113 on FI 
Test RN35 (if available) on FI 


Complete tests which have been delayed owing to 
breakdowns and repairs 
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SCHEDULE FOR OATRU - DRB - AEEE FIELD OPERATIONS 1966 


Phase Ill ~ Report Preparation 
16 July Data reduction and analysis of results 
iy Preparation of draft report 
31 August , 
Editing of 16 mm film 
Preparation of film script 
_Phase IV Report Revision 
1 September Preparation of Final Report through liaison between OATRU and the Defence 
to Scientific Information Service 


30 December 


30 December Submission of Final Report to the Chairman, Defence Research Board 
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Test Area Selection 


Field testing will be conducted in confined muskeg areas near Parry Sound, Ontario. The test 
areas used will have EI and FI cover, will be of low, medium, and high water regime, and will be of 
sufficient area to accommodate 6 100-ft. test lanes, each with additional space for load vehicles and 
maneuvering. 


An aerial reconnaissance expedition will be made in the Parry Sound region to inspect possible 
test areas located previously on aerial photographs. Cover type and approximate water regime will be 
noted and photographs taken. A later flight may be necessary to procure oblique aerial photos of the test 
sites when these have been selected. 


As a result of the reconnaissance flight, possible test areas will be investigated on foot and, if 
they are found to have the above specifications, access routes will be chosen and prepared as necessary. 


Test sites will be selected and marked prior to vehicle testing. In previous vehicle projects, 
test lanes have all been staked out in advance. This has necessitated procurement of large numbers of 
marking stakes and expenditure of considerable labor, time, and effort. In an attempt to avoid this ex- 
penditure, up to 10 stakes will be used to mark test lanes prior to each test, and will be moved to mark 
the lane for the next test. 


An attempt will be made to keep each site uniform in cover type and water regime when it is 
selected, so that all vehicles will undergo the same experience when operating on the site. 


VEHICLE TESTING AND DATA ACQUISITION 


Vehicles to be tested are named in the list below: 
Group I M113 


RN110 Group Ii CL70 Rat 
RN35 


A 100-ft. long test lane will be marked out at each test site for each vehicle. The load vehicle 
will be attached to the test vehicle by means of a 100-ft. tow cable to prevent the load vehicle from 
traveling in the test lane. The test vehicle will be operated under load at a pre-determined torque output 
and performance data will be recorded. 


The tests will be repeated for each vehicle on hard gravel to determine the contributions to 
rolling resistance made by the vehicle running gear. 


The terrain and vehicle data to be measured are noted in the table below, together with the means 
for obtaining each type of data. 


Data Measurement Technique 
1. Vehicle track length Tape 
2. Vehicle track width Tape 
3. Vehicle weight Weigh scale or spec. 
4. Number of road wheels Inspection 
5. Muskeg cover type Inspection 
6. Peat type Inspection, sampling analysis 
7. Peat depth Probe rods 


8. Peat density Nuclear density meter 
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Data 
9. Peat moisture content 
10. Mat depth and composition 
11. Drawbar pull 
12. Slip, speed 
13. Trim angle 
14. Pressure under track 
15. Torque output at sprocket 
16. Number of passes 
17. Rolling resistance 


18. Sinkage, sinkage rate of vehicle 


Measurement Technique 
Nuclear moisture meter 
Inspection, sample analysis 
Load cell, recorder 
Fifth wheel, recorder 
Tiltmeter, recorder 
Pressure cell 
Torque meter 
Count 
Calculation 


Level, targets 


19. Sinkage, sinkage rate under a standard load Level, targets 


Items 11,°12,.435214; 15, 16, 17 and 18 will be noted as the vehicle travels along the test lanes. 
The remaining data will be gathered from the test lanes before traffic or adjacent to the test lane, as 
required. 


DATA REDUCTION AND ANALYSIS 


A period of time will be necessary (approximately 6 weeks) for data reduction and analysis. This 
will include editing the 16-mm. film and examining the data according to the following hypotheses: 


1. Sinkage rate for a standard load is proportional to water content. 


2. Net sinkage for a standard static load is proportional to diameter and number of woody and non- 
woody fibers in the mat. 


3. Rolling resistance is proportional to sinkage/rate/unit load pressure, weight of vehicle, number 
of road wheels, track width, pressure variation amplitude along track length. 


4, There is a relation between drawbar pull, slip, and muskeg type, as described by quantitative 
specifications for a given vehicle. 


REPORT PREPARATION 
A draft report will be prepared as a result of the data analysis and will be submitted to the 
Defence Research Board Project Directorate by 31 August, 1966. It will form the foundation for a final 


report following consultation between OATRU and the Defence Scientific Information Service. 


A final report will be submitted to the Chairman, Defence Research Board by 30 December, 1966 
and, as required by the statement of work, will include: 


1. Results of terrain and course surveys in appropriate tabular or gtaphic form; 
2. Quantitative and qualitative results of the vehicle operations and an analysis of results; 
by 


3, A comparison of results where possible, with the results of previous trials; 


Appendix I-7 


4. An analysis of the relation of design concept to mobility or lack thereof; 


5. Photographs depicting specific results of vehicle operation and examples of physical terrain and 
course features; 


6. A 16-mm. colored film strip, with description notes suitable for the insertion of a sound monologue, 
covering high points and special features of the summer’s operations. 


COMPLETION OF REQUIREMENTS OF STATEMENT OF WORK 


The plan of test is designed to satisfy the requirements of the.DRB statement of work. The extent 
to which this can be accomplished will depend on availability of vehicles, unforeseen delays due to break- 
downs or immobilization of vehicles, breakdown of instrumentation, prevailing weather conditions, and 
the possibility of accidents involving equipment damage and personnel injury. The contractor (OATRU, 
McMaster University) should not be held responsible for failure to accumulate data or perform tests for any 
of the above reasons. 


Furthermore, failure to accumulate data may have some effect on later analysis of the data, and 
this fact should be recognized for contract purposes. 


ANTICIPATED MAJOR DIFFICULTIES 


Anticipated major difficulties have been noted in the above section. As these difficulties can- 
not be specifically planned for, they must be dealt with as they arise. It is therefore to be understood 
that the proposed plan of test will not necessarily be rigidly adhered to from the point of view of timing 
or data acquisition. In the event of failure to complete tests or acquire data, an account of such failure 
and the reasons for it will be provided in the report, and the Contractor shall not be held in default under 
the terms of the contract. 


In the event of departure from the plan of test, the program shal] proceed in a manner mutually 
agreed upon by the co-operating parties involved (i.e. OATRU, DRB, DDP, AEEE). 


TERRAIN DESCRIPTION 
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NOTES ON DEPARTURES FROM PLAN OF TEST 


Owing to breakdowns and unavailability of equipment from time to time during the trials, it was 
sometimes necessary to depart from the Plan of Test with respect to both scheduling of the trials and pro- 
curement of some measurements. As required by the Plan of Test, an account of these departures and the 
reasons for them are given here. 


TERRAIN MEASUREMENTS 
Peat Density 


There was insufficient time available prior to 22 July, the official end of the trials period, to 
obtain density data in several areas. After that date, measurements were obtained in most of the areas 
using OATRU’s CL61 Rat to transport the density measurement equipment. However, before data were 
obtained in area 66-1, the Rat suffered a broken track, which could not be repaired adequately with the 
times, materials, and facilities available. The density measurement equipment is not hand portable, and 
therefore no means were available for carrying it to area 66-1. 


Peat Moisture Content 


Originally, it was intended that, to measure moisture content, a fast neutron source would be 
used with the scaler in a manner similar to that used to measure density. A fast neutron source had been 
ordered, but was not available until several weeks after the field program had been completed. For this 
reason, no data on actual percentage moisture content of the test areas are available and visual observa- 
tion was used to assess moisture content on the basis of relative amounts of free water present on the 
ground surface. 


VEHICLE PERFORMANCE 


Pressure Distribution in Peat Under Vehicles 


Only one pressure cell and a small portable recorder were available for this measurement. The 
cell frequently became damaged by a vehicle digging it out of the ground as a result of high track slip, 
and the recorder was suffering from some undetermined disorder, so that in the end it was not possible to 
obtain any pressure cell measurements in these tests. 


Completion of Tests 


The Plan of Test provides for procurement of data in a total of 6 test areas. Vehicle performance 
data were not obtained in the Thousand Acre Bog FI and EI and Area 66-1, for reasons already described 
under ‘Measurement Techniques and Observations — Vehicles’’. 
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Fig. 2. Mounting hole for torque measurement strain gauges in RN110 axle. 
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Fig. 4. Hollow axle extension for mounting slip rings. 
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Fig. 5. Slip rings mounted on M113. 


Fig. 6. DC generator for track speed measurement mounted on M113, 


Appendix IV-5 


Fig. 8. Sinkage measurement target mounted on M113. 
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Fig. 10, Mounting bracket for fifth wheel on RN110. 
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Fig. 11. Sinkage of M113 in Thousand Acre Bog El. 


Fig. 12. Sinkage of RN110 in Thousand Acre Bog El. 
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Fig. 14. Field operation of oscillograph chart paper processor. 
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rement on RN110. 


Fig. 16. Hard ground rolling resistance measu 
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Fig. 17. Broken end of axle extension shaft. 


Fig. 18. Replacement of axle shaft extension of RN110. 
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Fig. 20. RN110 operating in moist El, 
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Fig. 22, M113 immobilization in dry FI, Area 7. 
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Fig. 24. Lower trace shows drawbar pull during tow cable break in RN110 test Woods Area, dry El. 
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Fig. 26. Central low frequency sinusoidal trace illustrates slow response and under-damping of pitch 
angle transducer, 
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